Two classes of calcium channels were activated by membrane depolarization in cell-free membrane patches from GH3 cells, an electrically excitable cell line derived from a mammalian pituitary tumor. One class had a conductance of w10 pS in 90 mM barium, had a threshold of activation near -40 mV, and was inactivated rapidly at holding potentials more positive than -80 mV. The other class, with a conductance of w23 pS and a threshold nearer -20 mV, did not inactivate in barium but stopped responding to depolarization altogether when the cytoplasmic side of the patch was exposed to a standard physiological saline solution. Buffering the concentration of calcium ions to <10 nM on the cytoplasmic side did not prevent this loss of activity. However, activity was restored and maintained for the duration of the patch when the catalytic subunit of cAMP-dependent protein kinase was added with MgATP to the cytoplasmic side ofthe membrane. Cell-free patch formation in the presence of the dihydropyridine, BAY K 8644, also delayed the loss of activity, but unlike the catalytic subunit plus ATP, BAY K 8644 alone did not restore activity when it was added after the channels no longer responded to depolarization. Evidently the dihydropyridine-sensitive class of voltage-activated calcium channels must be phosphorylated in order to open when the membrane is depolarized. That hypothesis provides a simple framework for understanding the modulation of calcium channel gating by neurotransmitters, calcium ions, and dihydropyridines.
Electrophysiological studies of voltage-activated calcium currents have demonstrated that the activity of calcium channels can be modulated in vivo by cAMP-dependent phosphorylation (1) (2) (3) , but the nature of the calcium channels that are modulated by phosphorylation has not been established clearly. The question also remains whether the response to phosphorylating agents reflects a direct action of the kinase on calcium channels or an indirect action mediated by other regulatory molecules whose own activity depends on phosphorylation. Single-channel recording techniques (4) have allowed investigators to address similar questions for potassium channels in cell-free patches of membrane (5) . In cell-free patches the cytoplasmic surface can be exposed to purified enzymes in the absence of much ofthe cell's complex regulatory machinery. At the same time functional transitions in the conformation of individual ion channels can be observed directly.
Studies of calcium channels in cell-free patches (6) (7) (8) have been impeded by the rapid, irreversible, and calcium-dependent loss of activity that occurs when the cytoplasmic side of the membrane is exposed to standard physiological saline solutions (9, 10) . Chad and Eckert (11) have identified two processes responsible for the rundown of calcium current in dialyzed molluscan neurons: (i) an irreversible process that can be interrupted by leupeptin, an inhibitor of calciumdependent proteases, and (it) a reversible process that can be counteracted by agents that promote cAMP-dependent protein phosphorylation.
Here we describe the effects of the purified catalytic subunit of cAMP-dependent protein kinase on individual calcium channels in cell-free membrane patches under conditions that largely eliminate the irreversible loss of calcium channel activity. The results demonstrate that the dihydropyridine-sensitive class of voltage-activated calcium channels, or molecules closely associated with the channels in the membrane, must be phosphorylated for the channels to open when the membrane is depolarized. Preliminary reports of some of these data have been presented (12, 13) .
METHODS
The experiments were conducted on cells of an electrically excitable cell line derived from a rat pituitary tumor (14) . The biophysical properties of calcium currents in GH3 cells have been studied extensively and closely resemble those in many other cell types (15) (16) (17) . GH3 cells were obtained from American Type Culture Collection (ATCC CCL 82.1) and were grown on collagen-coated coverslips under 5% CO2 at 370C in Ham's F-10 medium supplemented with 15% horse serum, 2.5% fetal calf serum, and 50 pg/units of penicillinstreptomycin per ml (GIBCO). Each experiment was begun on a fresh coverslip of cells and done at room temperature (19-220C).
Calcium channels were detected as unitary inward barium currents. Patch pipettes (2) (3) (4) (5) MW) were manufactured from Kovar sealing glass (Corning no. 7052 or 7040) and coated with Sylgard (Dow Corning no. 184) (18) . Membrane patches were isolated by gigaohm seals (>20 GO), excised in either the outside-out or the inside-out configuration and voltageclamped (4 reversal potentials more positive than +40 mV, we believe they represent two classes of voltage-activated calcium channels that have been described in many excitable cells (8, (20) (21) (22) .
The two classes of calcium channels differ not only in conductance and in the voltage-dependence of activation and inactivation, but also in the fact that the channels with the smaller conductance in barium remain active in cell-free patches exposed to the minimal solution (Fig. 1C ). In contrast, the channels with the larger conductance stopped opening altogether within 15 min of cell-free patch formation (Fig. 2 ). In 61% (11/18) of the outside-out patches exposed to the minimal solution, many ofwhich contained more than one functional channel, activity of the channels with the larger conductance ceased before 5 min had elapsed (Fig. 2) , and subsequent depolarizing steps to + was initially maximal, produced no resolvable openings ofthe channels with the larger conductance.
The complete loss of activity of this particular class of calcium channels occurred even though the concentration of free calcium ions on the cytoplasmic side of the patch had Neurobiology: Armstrong and Eckert been buffered to <10 nM with 5 mM EGTA. Replacing EGTA with BAPTA, a more effective buffer of rapid Ca2+ transients (23) that might have occurred during patch formation, did not prevent the loss of activity either (Table 1) . Furthermore, the activity of the channels with the larger conductance ran down even faster in inside-out patches (Fig.  3) , where one might expect effective buffering to be established more quickly. Thus, it is unlikely that the observed loss of activity resulted from inadequate buffering of calcium ions at the cytoplasmic surface (10) , and the continued activity of the channels with smaller conductance rules out any nonspecific damage to those patches.
Phosphorylation Sustains Activity. The catalytic subunit (1-10 ug per ml) of the cAMP-dependent protein kinase completely prevented the loss of calcium channel activity when it was included with the magnesium salt of ATP (2 mM) and dibutyryl rAMP (1 mM) in the solution bathing the cytoplasmic side of the membrane (Fig. 2) . In 94% (16/17) of the outside-out patches exposed to this mixture, the activity of the channels with the larger conductance continued for as long as the gigaohm seal remained intact-more than 1 hr in some cases. Even when the membrane potential was held at 0 mV for several minutes, the channels continued to open in clusters of brief events. The unitary barium currents maintained by the presence of catalytic subunit and ATP had the same voltage-dependent properties as those recorded before the loss of activity in the minimal solution.
Dibutyryl cAMP was included in the initial experiments with the catalytic subunit and ATP to saturate any remaining regulatory subunit (11), but dibutyryl cAMP was not essential for preventing the loss of activity (Fig. 3, Table 1 ). Without ATP, however, the catalytic subunit alone was ineffective (Fig. 2) in preventing activity loss, so we conclude that the kinase sustained calcium channel activity by catalyzing phosphorylation.
Phosphorylation Restores Activity. Because outside-out patch formation involves several seconds of whole-cell recording while the solution in the pipette mixes with the cytoplasm at the tip ofthe pipette, it is possible that the kinase phosphorylates some other cell constituent, which, in turn, influences the behavior of calcium channels in isolated patches. That possibility was tested on inside-out patches that were excised initially into the minimal solution (Fig. 3) . The experiments on inside-out patches from GH3 cells were complicated by the membrane frequently sealing over to form a small vesicle at the tip of the pipette. Vesicle formation not only blocked access of the catalytic subunit to the cytoplasmic side of the membrane, but it also attenuated current flow across the patch so much that unitary currents were no longer detectable. Nevertheless, in the four inside-out patches that lasted long enough to complete the experiment, the catalytic subunit plus ATP restored calcium channel activity to patches lacking activity for several minutes. Because the cytoplas- (10, 20, 24) . We have also observed that activity runs down much less frequently in the presence of 1 mM ATP (Table 1) ; however, unlike the effects observed with the catalytic subunit plus ATP, the effect of ATP alone varied widely, preventing the loss of activity in some patches but not in others. Because the cAMP-dependent kinase in brain tissue is often membrane bound (25) , it is possible that ATP prevents loss of activity by serving as a substrate for an endogenous cAMP-dependent kinase isolated with the patch. We have tested that possibility in GH3 cells by asking whether the specific protein inhibitor ofthe cAMP-dependent kinase (26) eliminated calcium channel activity in the presence of ATP. When the inhibitor (:20 ng per ml) was included in the solution with ATP, calcium channel activity in most patches (7/9) ran down as though no ATP had been added (Table 1) .
Dihydropyridines. Dihydropyridines are potent modulators of the voltage-activated calcium channels that have a larger conductance in barium, require larger depolarizations for activation, and do not inactivate in barium (8, 21, 27) . These dihydropyridine-sensitive channels have the same voltagedependent properties as the calcium channels that require phosphorylation to remain active in our experiments. However, dihydropyridines have been used to reconstitute calciinhibitor of CS (26) . BAY K 8644 was added to the barium solution in the bath.
*Additions to the minimal CsCl solution described in Methods. I Proc. Natl. Acad. Sci. USA 84 (1987) 2521 um channel activity in the absence of exogenous ATP (28) (29) (30) , which raises the possibility that phosphorylation may not be required for the activity of calcium channels modulated by dihydropyridines.
Dihydropyridines also modulate the gating of calcium channels maintained by exogenous phosphorylation in cellfree patches from GH3 cells (Fig. 4) . In particular, BAY K 8644 (31, 32) produced a dramatic increase in the mean open time of the channels. Ifphosphorylation were not required for the activity of those channels, one might expect BAY K 8644 to be as effective as the catalytic subunit and ATP at reversing the loss of activity, but that was not the case. BAY K 8644 (0.1-10 AM) had no effect on calcium channel activity when it was added to patches in the minimal solution after rundown was complete. However, when intact cells were exposed to BAY K 8644 before the patches were excised, BAY K 8644 not only modified calcium channel gating, it also delayed the loss of activity in the minimal solution (Table 1) . Thus, BAY K 8644 appears to modulate calcium channel activity only when it is applied in the presence of phosphorylating enzymes. Because the channels modulated by BAY K 8644 are also less susceptible to rundown, we propose that BAY K 8644 inhibits dephosphorylation ofthe channels. That inhibition could explain why reconstitution of these phosphorylation-dependent channels from membrane fragments without exogenous ATP has been achieved more frequently in the presence of BAY K 8644 (28) (29) (30) .
DISCUSSION
The experiments reported here demonstrate that cAMPdependent phosphorylation is both necessary and sufficient for the activity of one class of voltage-activated calcium channels in the plasma membrane ofGH3 cells. This confirms the hypothesis developed from earlier studies on intact cardiac muscle cells (2, 33) and dialyzed molluscan neurons (3, 11) that dephosphorylation ofa prominent class of calcium channels leaves the channels in a state from which they do not open in response to membrane depolarization. We have identified those channels as the dihydropyridine-sensitive calcium channels that do not inactivate in barium at depolarized holding potentials. In addition, biochemical studies have established that the putative calcium channel protein, purified from skeletal muscle by its affinity for dihydropyridines, contains a protease-and phosphatase-sensitive, cAMP-dependent phosphorylation site on one of its subunits (34, 35) . We propose that dephosphorylation of that site, not voltage, inactivates the channel and produces an irreversible loss of activity in the absence of rephosphorylation.
Historically two distinct mechanisms have been described for the inactivation of voltage-activated calcium currents in whole cells (36) : some calcium channels inactivate directly in response to membrane depolarization, whereas others only become inactivated when depolarization results in the accumulation of calcium ions inside the cell. Calcium channels showing voltage-dependent inactivation do not require exogenous phosphorylation to remain active in cell-free membrane patches (8, 12) . In contrast, dihydropyridine-sensitive calcium channels showing calcium-dependent inactivation in snail neurons and GH3 cells do require phosphorylation to respond fully to depolarization (11, 37) , and Chad and Eckert have suggested that both calcium-dependent inactivation and rundown result from dephosphorylation ofthe channels by an endogenous calcium-dependent phosphatase (11) .
Calcineurin, a calcium and calmodulin-dependent phosphatase originally purified from mammalian brain (38, 39) , accelerates calcium-dependent inactivation of calcium current when it is perfused intracellularly with calmodulin in dialyzed molluscan neurons (11) . A large fraction of that enzyme in brain tissue is membrane-bound, often in association with the cAMP-dependent kinase (40) . GH3 cells contain calcineurin (41) , and its basal, calcium-independent activity may be responsible for the loss of activity we observe in barium solutions in the absence of phosphorylating agents Calcium ions trigger vital processes in a wide variety of cells. Our experiments have revealed a new property of the membrane protein best adapted to inject calcium rapidly into the cell (22) . The phosphorylation dependence of voltageactivated calcium channels demonstrated here provides the cell with a dynamic mechanism fbr modulating calcium fluxes in response to external signals, fluctuating levels of internal calcium, and the metabolic state of the cell. Thus, calcium channels are a likely focus for the regulatory pathways that underlie the plasticity of nerve cell behavior.
